Bacillus subtilis forms biofilms whose constituent cells are held together by an extracellular matrix. Previous studies have shown that the protein TasA and an exopolysaccharide are the main components of the matrix. Given the importance of TasA in biofilm formation, we characterized the physicochemical properties of this protein. We report that purified TasA forms fibers of variable length and 10-15 nm in width. Biochemical analyses, in combination with the use of specific dyes and microscopic analyses, indicate that TasA forms amyloid fibers. Consistent with this hypothesis, TasA fibers required harsh treatments (e.g., formic acid) to be depolymerized. When added to a culture of a tasA mutant, purified TasA restored wild-type biofilm morphology, indicating that the purified protein retained biological activity. We propose that TasA forms amyloid fibers that bind cells together in the biofilm.
cell-to-cell interactions | extracellular matrix | TasA B acteria form complex, structured communities called biofilms in response to diverse environmental cues (1) . The metabolic pathways activated by these cues are remarkably different depending on the species studied. However, they all lead to the formation of an extracellular matrix that holds the cells together (2) . Although the specific composition of the extracellular matrix also varies from species to species, polysaccharides, proteins, and nucleic acids are important components of the matrix that help maintain the structural integrity of biofilms, mediating both cellto-cell and cell-to-surface interactions (3) (4) (5) (6) (7) (8) .
An important group of biofilm matrix-associated proteins are those that polymerize into fibers variously known as pili or fimbriae (9) . In the specific case of Escherichia coli, the so-called curli pili have been shown to be an integral part of this bacterium's biofilm matrix (10) . Curli subunits assemble into fibers which display amyloid properties. From bacteria to humans, amyloid fibers share the ability to fold into a characteristic cross-β-strand structure, where the β-sheets are oriented perpendicular to the axis of the fibers (11, 12) . This structure endows amyloid fibers with resistance to environmental attacks such as proteolysis as well as the ability to bind certain dyes, a property that has been commonly exploited to detect amyloids in vitro and in vivo (11, 13) . For a long time, amyloid fibers have been associated with cellular malfunctioning in human degenerative diseases such as Alzheimer's disease (14) . However, "functional amyloids" that participate in normal biological processes in bacteria, fungi, insects, invertebrates and humans have begun to be appreciated (15) . Although not directly shown to be part of the extracellular matrix of biofilms, amyloid fibers have been identified in numerous microorganisms. These include the harpins of Xanthomonas campestris and Pseudomonas syringae (16), fimbriae recently described from Mycobacterium tuberculosis (17), chaplins from Streptomyces coelicolor (18, 19) and hydrophobins from fungi (20, 21) . Although recent studies suggest that amyloid adhesins are abundant in natural biofilms (22) , curli fimbriae remain the sole example of an amyloid protein that has been shown to be an important functional component of a biofilm matrix.
The endospore forming Gram-positive bacterium Bacillus subtilis makes matrix-encased biofilms on the surface of agar plates as well as robust floating biofilms (pellicles) at the air-liquid interface of standing cultures (23) . These biofilms, far from being mere aggregates of cells, exhibit an ordered spatiotemporal distribution of subpopulations of cells involved in tasks as diverse as sporulation, motility, and matrix formation (24) . This organization is largely dependent upon the presence of the extracellular matrix, which is composed mainly of an exopolysaccharide and the protein TasA (25) . TasA was first reported to be a protein associated with the spore and was proposed to have antimicrobial activity (26, 27) . It was later shown that TasA is indeed the major protein component of the extracellular matrix of B. subtilis biofilms (25) . Here, we show that TasA forms amyloid fibers and that the formation of these fibers is essential for the integrity of the extracellular matrix and thus, the biofilm. To accomplish this, we developed a protocol to purify TasA to homogeneity directly from B. subtilis. The purified TasA protein was functional in that it was able to restore wild-type biofilm forming ability to a mutant lacking tasA. Using biochemical, microscopic and dye-binding analyses, we show that fibers of purified TasA display amyloid properties and appear to mediate cell-to-cell interactions within the biofilms.
Results
Electron Microscopy Reveals TasA Fibers in B. subtilis Biofilms.
B. subtilis forms pellicles at the liquid-air interface of standing cultures. Fig. 1A shows a typical pellicle formed by the wild-type strain B. subtilis NCIB3610 after 48 h of incubation in MSgg medium. The two main components of the extracellular matrix that hold these pellicles together are an exopolysaccharide (EPS), synthesized by the products of the eps operon and TasA (25) . Consequently, mutants defective in EPS (Fig. 1B) or TasA production (Fig. 1C) are both impaired in biofilm formation and form flat, fragile pellicles. We analyzed the localization of TasA in B. subtilis biofilms by using gold-labeled anti-TasA antibodies and visualizing the wild type and matrix mutants by transmission electron microscopy (TEM). In samples from both the wild type and the eps mutant, gold-labeled fibers 10-15 nm in width, and of variable length, emanating from the cells were easily observed ( Fig. 1 D, E , G, and H for close-up). In marked contrast, the tasA mutant exhibited no such fibers or immunogold signal ( Fig.1 F and I for close-up), strongly suggesting that the observed fibers were composed of TasA.
Author contributions: D.R., C.A., R.L., and R.K. designed research; D.R. performed research; D.R., C.A., R.L., and R.K. analyzed data; and D.R., C.A., R.L., and R.K. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission. To whom correspondence should be addressed. E-mail: rkolter@hms.harvard.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0910560107/DCSupplemental.
Biofilms of B. subtilis Bind the Amyloid-Specific Dye Congo Red. The method developed to detect the presence of amyloid curli fibers of E. coli biofilms (10) was adapted for the growth of B. subtilis biofilms to determine whether TasA, like curli, binds Congo Red and Coomassie Brilliant Blue dyes. Fig. 2A shows colonies formed by the wild-type strain as well as those formed by eps, tasA, and eps tasA mutants. The wild-type and eps colonies both stained red, consistent with the presence of an amyloid fiber. In contrast, the two strains unable to make TasA did not stain red, suggesting that TasA fibers bind Congo Red.
Previous studies report that Congo Red may exhibit nonspecific binding when the samples being analyzed are too complex (28) . We reduced the complexity of our sample by extracting the cell-surface-associated protein fraction with 1M NaCl and used this fraction to determine if indeed Congo Red binding was the due to an extracellular factor. As shown in Fig. 2B , extracts from the wild type and the eps mutant showed a peak of increased absorbance of the Congo Red solution with a maximum at 541 nm. In contrast, extracts from tasA and eps tasA mutants did not show an increase in the absorbance of the Congo Red solution. Interestingly, visualization of the crude extract from the wild-type strain using TEM showed the presence of fibers that specifically reacted with gold-labeled anti-TasA antibody (Fig. 2C ). Fibers were absent in extracts of single tasA and double eps tasA mutants. These results all suggest that TasA forms amyloid fibers.
Purified TasA Forms Amyloid Fibers. In an effort to characterize TasA further, we wanted to purify TasA to homogeneity directly from B. subtilis. To simplify this process, we used a strain that overproduced TasA and that lacked EPS so that TasA would not be associated with EPS in the matrix. We accomplished this by using a strain defective in the SinR repressor, the regulator that represses the expression of both the eps and tasA operons (29) . The strain was also deleted for the eps operon, which encodes the protein machinery required for the production of EPS. Using this sinR eps strain, we followed the kinetics of TasA production over time in shaken liquid cultures using immunoblotting (Fig. S1A). TasA was first detectable after 15 h of growth when the population entered stationary phase, and its abundance increased until levels peaked between 24 and 36 h. Under these conditions, TasA was mostly cell-associated at 20 h, with only a small amount of protein detected in the medium (Fig. S1B Left) .
TasA was next extracted from the cells by treatment with a buffer containing 1M NaCl (Fig. S1B Right) . To purify TasA further, this crude salt-extracted fraction was chromatographed through a gel-filtration column and fractions were analyzed by immunoblotting for the presence of TasA (Fig. S2A) . Consistent with TasA forming a large polymer, most of the protein eluted in the void volume. This fraction was analyzed by SDS/PAGE and immunoblot with an anti-TasA antibody, showing that the preparation was homogeneous (Fig. S2A) . The purified protein band was excised from the gel and subjected to electron spray ionization mass spectroscopy and N-terminal amino acid sequencing. The results obtained confirmed that we had purified mature TasA. When analyzed by immunogold and negative staining-TEM, this pure preparation of TasA appears mostly as fibers of variable length and 10-15 nm wide that are able to bind the antiTasA antibody (Fig. S2B) .
Amyloid proteins display a characteristic β-strand secondary structure irrespective of their primary sequence. It is this structure that gives amyloid proteins their dye-binding properties. Freshly purified TasA appeared as long fibers that eluted in the void volume of an analytical gel-filtration column with an exclusion size of 600 kilodaltons (Fig. 3A) . Consistent with what has been described for other amyloid fibers (10), the addition of this purified TasA to a solution of Congo Red induced a noticeable increase in absorbance (Fig. 3C, squares) . Another assay for amyloid fibers is their ability to increase the fluorescence of Thioflavin T with a peak emission at 482 mn. Adding purified TasA to a Thioflavin T solution indeed induced an increase in fluorescence (Fig. 3D, squares) .
Amyloid fibers are extremely stable structures. They are very difficult to disrupt using mild denaturation methods such as heat. They require harsher treatments, such as exposure to strong acids, to break them into their constituent monomers. Consistent with this, we observed that treatment with 10% formic acid depolymerized the TasA fibers. When analyzed by negative staining-TEM after formic acid treatment, a heterogeneous mixture of oligomers and monomers was observed instead of fibers (Fig. 3B) . Accordingly, this soluble material lost the ability to bind both Congo Red and Thioflavin T (Fig. 3 C and D, triangles) , which suggested the absence of amyloid fibers. In addition to the dye binding assays, we performed CD spectroscopy on purified TasA fibers as well as dissociated, formic acid-treated TasA to characterize their secondary structure directly (Fig S3) . TasA fibers (Fig. S3 circles) showed a decrease in ellipticity in the range of 220-210 nm and an increase at around 190 nm, suggesting the presence of β-sheets (30, 31) . It does appear that the fibers possess some α-helix and random coil characteristics in addition to the β-sheets that confer the dyebinding properties of TasA. It is not unprecedented for amyloid fibrils to contain secondary structures other than β-sheets (31). A 1 min treatment with formic acid was enough to induce a dramatic difference in the spectra (Fig. S3, squares) , suggesting a rearrangement during the dissociation of fibers into their constituent components.
Polymerization of TasA In Vitro. Different amyloids have been shown to repolymerize in vitro from soluble monomers into fibers (32). This property has allowed the identification of diverse aggregation states that display distinct biochemical properties and kinetics of polymerization (13) . To investigate the repolymerization characteristics of TasA, purified TasA was treated for either 1 min or 5 min with 10% formic acid. This led to a partial and complete dissociation of the fibers, respectively, as judged by TEM (Figs. 4 A and B) . After rapid evaporation of the formic acid and further resuspension in buffer (SI Material and Methods) the samples were incubated at room temperature to allow repolymerization. The kinetics of repolymerization were monitored using the Thioflavin T fluorescence assay (Fig. 4C) . The repolymerization curve after the 5 min treatment fit nicely with the typical nucleation-dependent polymerization model, consisting of three clear phases: a lag phase of about 2 h, a fiber growth phase of about 20 h, and then a stationary phase (Fig. 4C squares) (13, 33) . In contrast, the sample treated for 1 min repolymerized without a lag phase (Fig. 4C, diamonds, and Fig. S4B ). This difference probably results from the fact that the sample treated for 1 min contains a population of short fibers that can serve to nucleate repolymerization (Fig. 4A) . To test if nuclei were still present after a 5 min formic acid treatment that were undetectable by TEM, we increased the time of formic acid treatment to 10 min (Fig. S4 A and B) . Under these conditions, the lag phase was longer than observed after 5 min treatment, suggesting that even after 5 min, there were still some TasA nuclei remaining.
The polymerization of other amyloid proteins has been shown to involve the formation of transient aggregates with different morphologies (34) . The commercially available antibody A11 detects these aggregates and is used in the diagnosis of human neurodegenerative disorders. An A11 antibody recognizes intermediates of diverse amyloid aggregates with similar morphologies (33, 35) . We used the A11 antibody to determine whether TasA formed intermediate structures related to these diagnostic amyloid aggregates over a period of 24 h after complete dissociation of the TasA fibers with formic acid (Fig. 5A) . At all stages, purified TasA protein positively reacted with anti-TasA antibody. At early time points, when TasA fibers were completely denatured and no aggregates were detected by TEM (Fig. 5B ) A11 did not recognize TasA. However, at time points when particles of regular shape ( Fig. 5C ; see Inset for higher magnification of individual particle) and larger aggregates (Fig. 5D) were observed, the antibody A11 reacted positively with purified TasA. Finally, almost no A11 reaction was observed after 24 h of incubation, when the fibers had completely reformed and aggregates were no longer visible (Fig. 5E) . Thus, the A11 antibody, used diagnostically to identify transient aggregates from different amyloid proteins, specifically recognizes TasA particles and aggregates observed transiently during the repolymerization process. TasA Amyloid-Fibers Restore the Formation of Pellicles. We wanted to determine whether purified TasA fibers had biological activity. To test this we added purified TasA to a tasA-defective mutant during the process of pellicle formation. As stated before, wildtype pellicles are extremely wrinkly whereas those formed by the tasA mutant are flat and fragile (Fig. 1) . Strikingly, the addition of purified TasA to a tasA mutant resulted in complete restoration of the wrinkly pellicle phenotype. Extracellular complementation with purified TasA yielded pellicles that were undistinguishable from those formed by the wild-type strain (Fig. 6 A-C) . When analyzed by TEM, the added TasA appeared as ordered fibers connecting tasA mutant cells, very similar to what was observed in the wild-type strain (Fig. 6 D-I) . These results indicate that TasA amyloid fibers play a key structural role in giving mature pellicles their complex architecture.
Discussion
In this study, we have found that the major protein component of the B. subtilis biofilm matrix, TasA, forms amyloid fibers. Amyloid fibers have been extensively studied in human neurodegenerative diseases including Alzheimer's and Parkinson's or spongiform encephalopathies induced by prions (15, 36, 37) . Besides having a role in pathogenicity, amyloids may also be an important factor in the physiology of the diverse organisms. For example, amyloids contribute to the attachment of bacteria to surfaces and the raising of aerial structures (18, 19) , and they have a role in pathogenic processes such as adhesion to host cells (7, 10, 38) and induction of toxicity to host cells (16) . However, in biofilm formation, only curli amyloid fibers of E. coli have been studied in detail (10) . TasA is an amyloid protein shown to be specifically involved in the formation of a biofilm matrix by a Gram-positive organism. Now that two model systems that use amyloids to help structure their biofilms have been identified, it will be possible begin to identify commonalities. Although it is difficult to identify amyloid proteins from their primary structure, it is possible that this phenomenon may be more common in bacterial biofilms than is presently recognized. In fact, amyloid fibers have been proposed to be present in natural bacterial biofilms under different environmental conditions (22) . We propose that amyloid formation may be a common mechanism to attain architectural complexity in biofilms.
Given the existence of amyloid fibers in biofilms of both Grampositive and Gram-negative bacteria, it is possible that these structures might play a widespread and important function in supporting the structure of the biofilm. For instance, these fibers may promote cell-to-cell interaction as well as cell-to-surface adhesion in conjunction with other components of the extracellular matrix, such as exopolysaccharides (19) . In support of this hypothesis, previous studies have shown that TasA and EPS are both required for pellicle formation, and only a mutant lacking both of these components is completely defective in biofilm formation (25) . It is possible that the TasA amyloid fibers interact in some specific way with the matrix EPS whereby the fibers serve as a rigid scaffold upon which is overlaid the more flexible and amorphous EPS. Such kind of interactions have been proposed to occur between fibers of chaplins and cellulose in S. coelicolor, giving rise to the fimbriae that mediate the attachment to surfaces and probably the covalent interaction of these fibers to the cell wall (19) . Interestingly, tasA and eps mutants can be mixed in culture and they will complement each other extracellularly and form phenotypically wild-type biofilms (25) . These data, coupled with our finding that pellicle formation in a tasA mutant can be restored by adding purified TasA, indicate that TasA fibers indeed are an important matrix component which provide the structural "backbone" of the biofilm.
In B. subtilis, the TasA protein was originally described as having antibiotic activity (27) . Quite interestingly, the small aggregates that are precursors to amyloid fibers have been reported to be toxic (35, 39) . There is a generic structural similarity not only between amyloid fibrils formed from diverse proteins, but also their intermediate structures. This is supported by the ability of the A11 antibody to recognize fiber-forming intermediate aggregates of proteins as diverse as Aβ, synuclein, islet amyloid polypeptide, insulin, prions, lysozyme, and curli (33, 35, 37) . We have shown that TasA also forms these small aggregate intermediates that are recognized by the A11 antibody (Fig. 5) . It is tempting to speculate that these small aggregates may be used as a defense mechanism by B. subtilis. In this way, the TasA filaments would serve a dual purpose. First, they would provide structure to the extracellular matrix of the biofilm and hold the cells together. Second, once it is outside the cell at high concentrations in amyloid form, small aggregates may be released to help defend the cells within the biofilm from potential competitors. Clearly this speculative idea requires extensive further testing. The widespread existence of amyloidogenesis suggests it is an evolutionarily conserved process in which functional fibers are formed from transient intermediates that may exhibit toxicity. Studies in other systems have reinforced the perception of amyloid fibers as functional products that result from detoxifying their intermediate aggregates (33, 35, 39, 40) . TasA forms amyloid fibers that we have shown are essential in the formation of robust biofilms. Given the ease of genetic manipulation of this system, it should quickly become an excellent model for the study and design of drugs to target not only the formation of amyloids but also biofilms.
Material and Methods
Bacterial Strains and Culture Conditions. The strains and medium used in this study are described in SI Material and Methods.
Protein Expression, Purification, and Molecular Weight Estimation. Detail procedures are described in SI Material and Methods.
Congo Red and Thioflavin T Assays. Protein solutions were analyzed for they ability to bind amyloid stains Congo Red and Thioflavin T solutions as previously described (10, 41, 42 ) (a brief summary is found in SI Material and Methods).
In Vitro Polymerization Assay. Freshly purified TasA was depolymerized by short (1 min) or long (5 min) treatment with 10% formic acid solution. After the treatment, formic acid was eliminated by evaporation in a speed-vac at 30°C. The remaining product containing TasA was resuspended in 50mM NaCl, 20 mM Tris, (pH 7) buffer and incubated at room temperature. Samples were taken at different time intervals and mixed with 20 μM Thioflavin T for fluorescence analyses, as described above.
Transmission electron microscopy, immunolabeling, immunoblot, and dotblot analyses were done according to standard procedures (see SI Material and Methods for detailed description).
